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Abstract
Fibroblast proliferation and migration play important roles in wound healing. bFGF is known to promote both fibroblast
proliferation and migration during the process of wound healing. However, the signal transduction of bFGF-induced fibroblast
migration is still unclear, because bFGF can affect both proliferation and migration. Herein, we investigated the effect of bFGF on
fibroblast migration regardless of its effect on fibroblast proliferation. We noticed involvement of the small GTPases of the Rho
family, PI3-kinase, and JNK. bFGF activated RhoA, Rac1, PI3-kinase, and JNK in cultured fibroblasts. Inhibition of RhoA did not block
bFGF-induced fibroblast migration,whereas inhibition of Rac1, PI3-kinase, or JNK blockedthefibroblast migration significantly.PI3-
kinase-inhibited cells down-regulated the activities of Rac1 and JNK, and Rac1-inhibited cells down-regulated JNK activity,
suggesting that PI3-kinase is upstream of Rac1 and that JNK is downstream of Rac1. Thus, we concluded that PI3-kinase, Rac1, and
JNK were essential for bFGF-induced fibroblast migration, which is a novel pathway of bFGF-induced cell migration.
Citation: Kanazawa S, Fujiwara T, Matsuzaki S, Shingaki K, Taniguchi M, et al. (2010) bFGF Regulates PI3-Kinase-Rac1-JNK Pathway and Promotes Fibroblast
Migration in Wound Healing. PLoS ONE 5(8): e12228. doi:10.1371/journal.pone.0012228
Editor: Joshua Z. Rappoport, University of Birmingham, United Kingdom
Received March 15, 2010; Accepted July 25, 2010; Published August 17, 2010
Copyright:  2010 Kanazawa et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: This work was supported in part by Osaka University operating budget. The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* E-mail: tateki@psurg.med.osaka-u.ac.jp
Introduction
The process of wound healing involves coordinated efforts of
several cell types including keratinocytes, fibroblasts, endothelial cells,
macrophages, and platelets. The migration, infiltration, proliferation,
and differentiation of these cells cause an inflammatory response,
which is essential for the formation of new tissue and lead to wound
closure [1]. In this process, especially, fibroblast proliferation and
migration play important roles in the formation of granulation tissue
and wound closure.
Cell migration is indispensable for wound repair. Cell migration
can be divided into multi-step cyclic processes. The basic
migratory cycle includes extension of a protrusion, formation of
stable attachments near the leading edge of the protrusion,
translocation of the cell body forward, release of adhesions and
retraction at the cell rear [2–4]. These steps require remodeling of
the actin cytoskeleton, and the small GTPases of the Rho family
are key regulators of these cytoskeletal dynamics. At the leading
edge of the migrating cells, Rac1 induces the formation of
lamellipodial protrusions via activation of the Wave complex [5],
which provides the driving force of cell movements [6–8]. Cdc42 is
involved in establishing polarity [9], and inhibition of Cdc42 can
disrupt the directionality of migration [10], suggesting that Cdc42
can also contribute to the cell movement. On the other hand,
RhoA promotes the contraction of actin stress fibers to generate
contractile forces [11,12]. However, RhoA is activated not only at
the rear of migrating cells, but also at the front, implying that
RhoA cooperates with Rac1 and Cdc42 to induce membrane
ruffles [13].
The process of wound healing is regulated by numerous growth
factors, such as epidermal growth factor (EGF), transforming
growth factor-b, vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), and basic fibroblast growth
factor (bFGF). bFGF is a member of a large FGF family of
structurally related proteins that bind heparin or heparan sulfate
and modulate the growth, differentiation, migration, and survival
of a wide variety of cell types [14]. FGF binds to the different
isoforms encoded by the four receptor tyrosine kinases designated
FGFR1-4, and also binds to heparin or heparan sulfate
proteoglycans. FGF-stimulation leads to recruitment of multiple
Grb2/Sos complexes resulting in activation of the Ras/MAPK
signaling pathway [15], and the Ras/MAPK signaling pathway
plays an important role in bFGF-induced cell proliferation.
Regarding the role of the fibroblasts in the process of wound
healing, bFGF is known to promote both proliferation and migration.
Schreier et al. investigated the relative role of bFGF in migration and
proliferation of fibroblasts in an in-vitro model of wound healing [16].
ItwasnecessarytoexcludetheeffectofbFGF on proliferationin their
study to analyze the effect of bFGF on migration alone.
In the present study, we investigated the effect of bFGF on
fibroblast migration during wound healing regardless of its effects
on fibroblast proliferation, and we noticed signal transduction
involving the small GTPases of the Rho family.
Results
Mitomycin-C blocked fibroblast proliferation
bFGF reportedly promotes fibroblast proliferation. Proliferation
itself can promote wound healing [17], and therefore, it is
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bFGF-induced migratory ability in wound healing. Some
investigators examined the effect of bFGF on fibroblast migration
[18–21]. However, they did not exclude the effect on bFGF-
induced fibroblast proliferation. Accordingly, we performed
subsequent assays in the presence of mitomycin-C to block cell
proliferation [16,22], which enabled evaluation of cell migration
with treatment of bFGF, while excluding any influence of cell
proliferation. Firstly, to determine the optimal concentration of
mitomycin-C to block cell proliferation, while not damaging the
cell viability, we investigated the changes of fibroblast cell number
24 h after treatment with various concentrations of mitomycin-C.
As shown in Fig. 1A, without bFGF, mitomycin-C at 1 mg/ml did
not block cell proliferation. Mitomycin-C at 5 mg/ml completely
inhibited cell proliferation, but did not decrease the cell number.
Moreover, even in the presence of bFGF, mitomycin-C at 5 mg/ml
blocked fibroblast proliferation (Fig. 1B). We therefore considered
5 mg/ml as the optimal concentration of mitomycin-C to block cell
proliferation, and we performed all of the subsequent wound
healing assays in the presence of mitomycin-C at 5 mg/ml.
bFGF promoted fibroblast migration and induced
lamellipodial extension
To determine the optimal concentration of bFGF for fibroblast
migration, we performed a wound healing assay for 24 h in the
presence of mitomycin-C at 5 mg/ml with treatments by various
concentrations of bFGF; namely, at 0, 10, 100, and 1000 ng/ml
(Figs. 2A and B).
As shown in Fig. 2B, the cells treated with bFGF at 10 ng/ml
showed an increased the migration rate during 12 h
(15.6361.04 mm/h) and 24 h (14.5860.68 mm/h) as compared
to the cells not treated with bFGF during 12 h (5.7360.52 mm/h)
and 24 h (5.3460.36 mm/h) (see Movie S1 in the supporting
information). The cells treated with bFGF at 100 ng/ml showed
an increased the migration rate during 12 h (25.0061.11 mm/h)
and 24 h (19.7960.39 mm/h) (see Movie S2 in the supporting
information). The cells treated with bFGF at 1000 ng/ml showed
an increased the migration rate during 12 h (25.5260.94 mm/h)
and 24 h (20.1860.27 mm/h). These data indicated that bFGF at
100 or 1000 ng/ml had the greatest impact on promotion of
fibroblast migration while not having any effect on fibroblast
proliferation. We adopted 100 ng/ml of bFGF for the subsequent
wound healing assays to promote fibroblast migration.
Migrating cells require remodeling of the actin cytoskeleton
[2,4,23]. Therefore, we assessed the effect of bFGF on remodeling
of the actin cytoskeleton by immunostaining the cells with
rhodamine-conjugated phalloidin. As shown in Fig. 2C, the
bFGF-treated fibroblasts significantly developed lamellipodial
extension in the scratch wound. Lamellipodial extension was
quantified by summing the length of the outer margins of all
lamellipodium in individual cells, and was expressed as a
proportion of the total perimeter of each cell (lamellipodial index),
as described by Verma et al. [24]. bFGF induced lamellipodial
extension at 1 h (12.1761.30%), 6 h (20.3361.91%), and 12 h
(17.3361.78%) after wounding as compared to the non-treated
fibroblasts at 1 h (3.8360.89%), 6 h (6.1761.21%) and 12 h
(5.5060.85%) (Fig. 2D).
bFGF activated RhoA and Rac1, but not Cdc42
The small GTPases of the Rho family, namely, RhoA, Rac1,
and Cdc42, are the key regulators of cytoskeletal dynamics and cell
migration. To investigate the involvement of RhoA, Rac1, and
Cdc42 in bFGF-induced fibroblast migration, we measured the
activities of RhoA, Rac1, and Cdc42 in the fibroblasts treated with
bFGF (Figs. 3A, B, and C). As shown in Fig. 3A, RhoA activity
increased 5.7-fold at 15 min after bFGF stimulation, with peak
activation at 30 min and remained high for 60 min. Rac1 activity
increased 4.5-fold at 15 min after bFGF stimulation and remained
high for 60 min (Fig. 3B). However, Cdc42 activity did not
increase with bFGF treatment (Fig. 3C). These data show that
bFGF activated RhoA, Rac1, but not Cdc42.
Rac1, but not RhoA, was essential for bFGF-induced
fibroblast migration
Next, we examined how the inhibition of RhoA or Rac1 affects
fibroblast migration (Figs. 4C and E). To block RhoA or Rac1, we
used RNA interference with siRNA. As shown in Figs. 4A and B,
Figure 1. Number of the cells treated with each concentration
of mitomycin-C. (A) We counted the number of fibroblasts in a
microscopic counting chamber before or after treated with each
concentration of mitomycin-C (0, 1, 5 or 10 mg/ml) for 24 h. Mitomycin-
C at 0 or 1 mg/ml did not block cell proliferation. Mitomycin-C at 5 mg/
ml completely blocked cell proliferation, while Mitomycin-C at 10 mg/ml
was indicative of cellular cytotoxicity. (B) We counted the number of
fibroblasts before or after treated with 0 or 5 mg/ml mitomycin-C in the
presence of 100 ng/ml bFGF. Mitomycin-C at 5 mg/ml blocked bFGF-
induced fibroblast proliferation. Data are mean 6 s.e.m. of five
independent experiments. **P,0.01, as compared with the control
group (t test).
doi:10.1371/journal.pone.0012228.g001
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RhoA or Rac1 protein levels and did not show any activation in
response to bFGF stimulation.
The migration rate of RhoA-inhibited cells was similar to that of
the control cells during 12 h, regardless of the presence of bFGF
(Figs. 4C and D). In contrast, Rac1-inhibited cells showed a
reduction in the migration rate during 121 h (13.6961.75 mm/h)
as compared to the control cells in the presence of bFGF at
100 ng/ml (26.4861.34 mm/h) (Figs. 4E and F). Thus, inhibition
of RhoA did not affect bFGF-induced cell migration, whereas
inhibition of Rac1 blocked bFGF-induced cell migration signifi-
cantly. Furthermore, we investigated the effect of active Rac1
mutant on fibroblast migration. Figures 4G and H show that the
active Rac1-transfected cells had increased the migration rate
during 12 h (10.4160.79 mm/h) as compared to the control cells
in the absence of bFGF (6.2560.85 mm/h). These data suggest
that Rac1, but not RhoA, is essential for bFGF-induced fibroblast
migration.
The small GTPases of the Rho family can also affect cell shape
[6]. The cell shape of RhoA-inhibited cells changed to become
round with prominent dendritic processes (Fig. 4I). On the other
hand, the cell shape of Rac1-inhibited cells at the wound edge
showed less formation of lamellipodium (Fig. 4I).
Activation of PI3-kinase was involved in bFGF-induced
fibroblast migration
Chemotactic migration is regulated by phosphoinositide 3-
kinase (PI3-kinase) [25–28]. Therefore, we investigated the
involvement of PI3-kinase in bFGF-induced fibroblast migration.
Firstly, we measured the activation of the PI3-kinase effector Akt/
protein kinase B in response to bFGF stimulation (Fig. 5A).
Secondly, we performed a wound healing assay with LY294002, a
PI3-kinase inhibitor, to examine how the inhibition of PI3-kinase
affects fibroblast migration (Figs. 5B and C).
The relative level of the phosphorylated Akt increased at 30 min
after bFGF stimulation (Fig. 5A). These data indicate that bFGF
activated PI3-kinase and phosphorylated Akt. In the wound
healing assay (Figs. 5B and C), PI3-kinase-inhibited cells in the
presence of 100 ng/ml bFGF showed a reduction of migration
during 12 h (12.5060.54 mm/h) as compared to the control cells
in the presence of bFGF at 100 ng/ml (23.6161.76 mm/h). Thus,
inhibition of PI3-kinase blocked bFGF-induced cell migration
significantly. In addition, LY294002 inhibited bFGF-induced Akt
phosphorylation (Fig. 5A).
Activation of JNK is involved in bFGF-induced fibroblast
migration
Some recent studies have implicated the importance of the c-Jun
N-terminal kinase (JNK) pathway in regulation of cell migration
[29–32]. Therefore, we hypothesized that JNK is involved in bFGF-
induced fibroblast migration. To test this hypothesis, firstly, we
measured the phosphorylation of JNK in response to bFGF
stimulation (Fig. 6A). Secondly, we performed a wound healing
assay with SP600125, a JNK inhibitor (Figs. 6B and C).
As shown in Fig. 6A, the relative level of the phosphorylated
JNK increased at 30 min after bFGF stimulation, suggesting that
bFGF activated JNK. However, bFGF-induced JNK activation
was suppressed by SP600125 (Fig. 6A). In the wound healing assay
(Figs. 6B and C), JNK-inhibited cells showed a reduction in the
migration rate during 12 h in the presence of bFGF at 100 ng/ml
(7.2960.71 mm/h) as compared to the control cells
(25.0161.52 mm/h). Thus, inhibition of JNK blocked the bFGF-
induced cell migration significantly.
PI3-kinase contributed to bFGF-induced Rac1 activation
Rac1 reportedly acts as a downstream effector of PI3-kinase in
several growth factor-stimulated pathways [33]. Accordingly, we
measured the activation ofRac1 in fibroblasts treated with LY294002
in response to bFGF stimulation to examine whether PI3-kinase is
upstream of Rac1 in bFGF-induced fibroblast migration. The level of
Rac1-GTP showed a 45% reduction in the presence of LY294002
after bFGF stimulation (Fig. 7A), indicating that PI3-kinase
contributed to bFGF-induced Rac1 activation.
JNK was downstream of Rac1 in bFGF signaling
The activity of JNK is regulated by the small GTPases (Rac1
and Cdc42) [34], and Rac1 and JNK were also activated by bFGF
in this study (Figs. 3B and 6A). Consequently, we measured the
activation of JNK in the fibroblasts in the presence of Rac1 siRNA
after bFGF stimulation to examine whether JNK is downstream of
Rac1 in bFGF-induced migration signaling. As shown in Fig. 7B,
the level of the phosphorylated JNK showed a 71% reduction in
the presence of Rac1 siRNA. On the contrary, the active Rac1-
induced cells showed a 4.1-fold increase of JNK phosphorylation
as compared to the control cells (Fig. 7C). Finally, the cells treated
with LY294002 also showed a 58% reduction in the phosphor-
ylated JNK level (Fig. 7D). These data suggest that JNK was
downstream of Rac1 and PI3-kinase in the signal transduction
pathways of bFGF-induced fibroblast migration.
Discussion
Migration of dermal fibroblasts is crucial for skin wound repair.
Fibroblasts proliferate and migrate to the wound area, synthesize a
new extracellular matrix, and contribute to wound healing [35].
Previous studies showed that bFGF induced cell migration in some
cell types, such as the endothelial cells, keratinocytes, vascular
smooth muscle cells and fibroblasts [16,18–21,36–39,]. However,
the mechanism of bFGF-induced fibroblast migration is still
unclear. Herein, we investigated the mechanism of the fibroblast
migration by bFGF regardless of the effect on fibroblast
proliferation, and we noticed the involvement of the small
GTPases of the Rho family, PI3-kinase, and JNK.
Firstly, we demonstrated that the cells treated with bFGF at
each concentration increased the migration speed significantly in
the presence of mitomycin-C to block the cell proliferation
(Figs. 2A and B). Moreover, immunocytochemistry showed that
the bFGF-treated fibroblasts developed lamellipodial extension
after wounding (Figs. 2C and D). This lamellipodial extension
Figure 2. Effect of bFGF on fibroblast migration. (A) Wound healing assay in the fibroblasts treated with the indicated concentrations of bFGF
in the presence of 5 mg/ml mitomycin-C. This photograph shows the wounded cell monolayers at 0, 12, and 24 h after wounding in the absence or
presence of bFGF. The line indicates the wound edge at the start of the experiment (0 h). Bar =500 mm. (B) Analysis of the migration rate is expressed
as migration distance/time (mm/h). (C) Immunocytochemistry of the cells at the margin of the scratch wound with rhodamine-conjugated phalloidin
in the presence of 5 mg/ml mitomycin-C. This photograph shows the F-actin of the cell at 0, 1, 6, and 12 h after wounding with or without 100 ng/ml
bFGF. The bFGF-treated fibroblasts developed lamellipodial extension (arrowhead). Bar =50 or 10 mm (D) Lamellipodial extension was quantified by
summing the length of the outer margins of all lamellipodium in individual cells, and was expressed as a proportion of the total perimeter for each
cell (lamellipodial index). Data are mean 6 s.e.m. of five independent experiments. **P,0.01, as compared with the control group (t test).
doi:10.1371/journal.pone.0012228.g002
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cell migration [6]. Therefore, our data suggest that bFGF induced
lamellipodial extension of the fibroblasts and promoted migration.
Early changes in the actin cytoskeleton in the bFGF-mediated
scratch wound repair model were characterized by Wang and
Gotlieb in the endothelial cells [40]. They demonstrated that bFGF-
treated cells at the leading edge were more elongated and had more
prominent perpendicular actin microfilaments as compared to the
non-treated cells at 4 h after wounding. In our study, the bFGF-
treated fibroblasts showed more lamellipodial extension at 1 h after
wounding as compared to the control cells. Those cells at 6 h after
wounding showed more lamellipodial extension and increased
migration speed (Figs. 2C and D). Consistent with Wang and
Gotlieb’sfindings, we noticed that some of the cells treated by bFGF
developed perpendicular actin microfilaments. The endothelial cells
strongly bind with adjacent cells and migrate toward the wound as a
cluster. However, the fibroblasts do not bind with other cells, and
consequently migrate as individual cells (see Movie S2 in the
supporting information). Therefore, the fibroblasts can move omni-
directionally. This is presumably because the perpendicular actin
and elongated cells were seen in only some bFGF-treated
fibroblasts, not in all cells such as endothelial cells.
Secondly, we investigated which Rho GTPases, the key regulators
of these cytoskeletal dynamics [10,41,42], were involved in bFGF-
induced fibroblast migration. Our data demonstrated that bFGF
activated RhoA, Rac1, but not Cdc42 (Figs. 3A, B, and C). Welsh
et al. described the activation of Cdc42 by bFGF as well as integrins in
ha5-3T3 cells. The differences between Cdc42 activation by bFGF in
their study and in our study may be attributed to the differences of cell
type and coating material of the culture dish. We used primary rat skin
fibroblasts and plated them on a non-coated dish. However, Welsh
et al. used ha5-3T3 cells, stably expressing an a5h u m a nb1m o u s e
chimeric integrin, and plated the cells on a fibronectin-coated dish.
Previous studies showed that integrins could activate not only their
own downstream signals but also other growth factor receptors, such
as the receptors of PDGF, EGF, VEGF and FGF [43–50]. Integrins
and many growth factors can collaborate directly at the levels of
tyrosine kinase receptor phosphorylation and their downstream
signaling including small Rho GTPases [51–55]. Several reports also
provide evidence for direct crosstalk between bFGF and integrin a5b1
[49,50]. Therefore, bFGF-integrin cooperation may cause Cdc42
activation in ha5-3T3 cells on fibronectin-coated dishes.
Our data showed that inhibition of Rac1 blocked the bFGF-
induced cell migration significantly (Figs. 4E and F). Accordingly, we
concluded that Rac1 was involved in bFGF-induced fibroblast
migration. The contribution of RhoA and Rho-kinase, a down-
stream regulator of RhoA, to cellmigration depends on the celltypes
[56–60]. Several studies revealed that inhibition of RhoA/Rho-
kinase in the neutrophils and monocytes inhibited cell migration
[56,57]. On the other hand, inhibition of RhoA/Rho-kinase
promoted cell motility in other cell types; Swiss-3T3 cells, aortic
smooth muscle cells and focal adhesion kinase-null cells [58–60].
Our study demonstrated that inhibition of RhoA did not affect
bFGF-induced cell migration (Figs. 4C and D), while RhoA was also
activated by bFGF-stimulation (Fig. 3A). This is presumably because
of the balance between Rac1 and RhoA activation. Both Rac1 and
RhoA were activated in the bFGF pathway, but activation of Rac1
may be dominant to RhoA activation. Indeed, a previous study
revealed the importance of the balance between Rho GTPases in
determining the morphology of neurons, as their balance affects the
morphology of axons and dendrites, and spine growth [61].
PI3-kinase and JNK play important roles in the regulation of
cytoskeleton dynamics and cell migration [28–32,62–65]. Our study
demonstrated that bFGF activated PI3-kinase and JNK (Figs. 5A and
6A), and that their inhibition blocked bFGF-induced cell migration
significantly (Figs. 5C and 6C), suggesting that bFGF-induced
fibroblast migration requires PI3-kinase and JNK activation.
Figure 3. Activities of RhoA, Rac1, and Cdc42 by bFGF-
stimulation. (A)(B)(C) Activities in pull-down assays for RhoA, Rac1, and
Cdc42 were analyzed at 15, 30, and 60 min after 100 ng/ml bFGF-
stimulation in the presence of 5 mg/ml mitomycin-C. Densitometry for
RhoA, Rac1, and Cdc42-GTP was normalized to the amount of total RhoA,
Rac1, and Cdc42. Bradykinin treatment (100 ng/ml) for 10 min was
performed as a positive control of Cdc42 activation. The results are
presented as fold change as compared with fibroblasts in the absence of
bFGF. Data are mean 6 s.e.m. of three independent experiments.
**P,0.01, as compared with the control group (t test). brad.= bradykinin.
doi:10.1371/journal.pone.0012228.g003
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inhibitors of PI3-kinase block Rac1 activation [66–69]. Moreover,
previous studies suggested that the small GTPases Rac1 and
Cdc42 regulate the activity of JNK signaling [26,69]. Therefore,
we assumed that bFGF promoted fibroblast migration through the
PI3-kinase-Rac1-JNK pathway. Our data showed that inhibition
of PI3-kinase with LY294002 down-regulated the activities of
Rac1 and JNK via bFGF-stimulation (Figs. 7A and D), suggesting
that PI3-kinase contributed to bFGF-induced Rac1 and JNK
activation. Furthermore, inhibition of Rac1 by Rac1 siRNA down-
regulated JNK activation (Fig. 7B), while the constitutively active
Rac1-induction up-regulated JNK (Fig. 7C). These findings
suggest that JNK is the downstream of Rac1. Finally, we
concluded that bFGF promoted fibroblast migration through the
PI3-kinase-Rac1-JNK pathway, which is a novel pathway of
bFGF-induced cell migration (Fig. 8).
Materials and Methods
Cell culture
Primary skin fibroblasts were derived from rats aged 3 days. The
cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum (FBS), 100 U/ml
penicillin and 100 mg/ml streptomycin in a humidified incubator
at 37uC with 5% CO2 atmosphere. For experiments, the cells were
used between two and three passages. All animal experiments were
carried out in accordance with a protocol approved by the
Institutional Animal Care and Use Committee of Osaka
University (permit numbers, 21-012-0).
Cell proliferation assay
Second-passage fibroblasts were plated at a density of
2.43610
4 cells/ml on 35 mm dish and incubated for 24 h in
DMEM containing 10% FBS. Then, the cells were treated with
various concentrations of mitomycin-C (namely, 0, 1, 5, 10 mg/ml)
(Sigma Aldrich Japan, Tokyo, Japan) and incubated for 24 h in
DMEM containing 0.5% FBS in the absence or presence of
100 ng/ml bFGF (Kaken Pharmaceutical Co., Ltd., Tokyo,
Japan). The cells were detached by trypsinization, and the cell
number was counted using a microscopic counting chamber. Data
are mean 6 s.e.m. of five independent experiments. **P,0.01, as
compared with the control group (t test).
Wound healing assay
Confluent cells were cultured in DMEM containing 0.5% FBS
treated with 5 mg/ml mitomycin-C for 24 h and then wounded
with a linear scratch 500 mm by a sterile pipette tip. Images of the
Figure 4. Rac1, but not RhoA, was essential for bFGF-induced
fibroblast migration. (A)(B) Primary rat fibroblasts were transfected with
10 nM RhoA, 10 nM Rac1 siRNA or 10 nM nonspecific control pool siRNA.
Pull-downassaysforRhoAorRac1inthepresenceof5 mg/mlmitomycin-C
were performed after 48 h of siRNA treatment, using an immunoblot of
lysates for GAPDH to verify equal protein loading. (C)(E) Wound healing
assay containing 5 mg/ml mitomycin-C in fibroblasts transfected with
10 nM RhoA, 10 nM Rac1 siRNA or 10 nM nonspecific control pool siRNA
in the presence or absence of bFGF. Bar=500 mm. (D)(F)(H) Analysis of the
migration rate of the RhoA, Rac1-inhibited cells, or the active Rac1-
taransfected cells was performed. (G) Wound healing assay treated with
5 mg/ml mitomycin-C in fibroblasts transfected with 0.15 mg/cm
2 of
plasmid DNA (Rac1-61L) or empty vector as a control in the absence of
bFGF. (I) These images show the cell shape of the RhoA or Rac1-inhibited
cells at 24 h after wounding in the presence of 100 ng/ml bFGF.
Bar=50 mm. Data are mean 6 s.e.m. of five independent experiments.
*P,0.05, **P,0.01, as compared with the control group (t test).
doi:10.1371/journal.pone.0012228.g004
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IX70; Olympus, Tokyo, Japan) at 0, 12, and 24 h after wounding
and recorded for 24 h using a microscope (model IX-70;
Olympus) equipped with a CCD Camera (CoolSNAP HQ;
Nippon Roper, Chiba, Japan) and controlled by MetaMorph
software (Universal Imaging Co., Ltd., UK). All experiments were
Figure 5. Effect of inhibition of PI3-kinase on fibroblast migration. (A) The activity of Akt with or without 10 mM LY294002 was analyzed by
immunoblotting at 30 min after 100 ng/ml bFGF-stimulation in the presence of 5 mg/ml mitomycin-C. Densitometry for p-Akt was normalized to the
amount of Akt. The results are presented as fold change as compared with the fibroblasts in the absence of bFGF. (B) Wound healing assay containing
5 mg/ml mitomycin-C in fibroblasts treated with or without 10 mM LY294002 in the presence or absence of 100 ng/ml bFGF. Bar =500 mm. (C)
Analysis of the migration rate of PI3-kinase-inhibited cells was performed. Data are mean 6 s.e.m. of five independent experiments. **P,0.01, as
compared with the control group (t test).
doi:10.1371/journal.pone.0012228.g005
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cell proliferation. To observe the effect of bFGF on fibroblast
migration, the cells were treated with various concentrations of
bFGF (i.e., 0, 10, 100, 1000 ng/ml) just before wounding. To
observe the effects of RhoA or Rac1 inhibition, the cells were
treated with siRNA before the wounding. To observe the effects of
Figure 6. Effect of inhibition of JNK on fibroblast migration. (A) The activity of JNK with or without 10 mM SP600125 was analyzed by
immunoblotting at 30 min after 100 ng/ml bFGF-stimulation in the presence of 5 mg/ml mitomycin-C. Densitometry for p-JNK was normalized to the
amount of JNK. The results are presented as fold change as compared with fibroblasts in the absence of bFGF. (B) Wound healing assay containing
5 mg/ml mitomycin-C in fibroblasts treated with or without 10 mM SP600125 in the presence or absence of 100 ng/ml bFGF. Bar =500 mm. (C)
Analysis of the migration rate of JNK-inhibited cells was performed. Data are mean 6 s.e.m. of five independent experiments. *P,0.05, **P,0.01, as
compared with the control group (t test).
doi:10.1371/journal.pone.0012228.g006
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LY294002 (Jena Bioscience, Berlin, Germany) or 10 mM
SP600125 (Calbiochem, San Diego, USA) for 60 min before the
wounding. Twenty cells per one experiment (total 100 cells) at
the wound area were randomly selected. At 12 h after wounding
the distance between the selected 20 cells and wound edge at 0 h
was measured by using the functions of ‘‘measurement length’’ in
Image J software (National Institute of Health, Bethesda, MD,
USA). Migration rate was expressed as migration distance/time
(mm/h).
Immunofluorescence
The fibroblasts were maintained in DMEM containing 10%
FBS for 2 days and cultured in serum-free DMEM for 24 h.
Then, the cells treated with or without 100 ng/ml bFGF for 0, 1,
6, and 12 h after wounding in the presence of 5 mg/ml
mitomycin-C. The cells on coverslips were fixed with 4%
paraformaldehyde in PBS for 15 min and washed with PBS five
times. The cells were permeabilized with 0.3% Triton X-100 in
PBS for 10 min and incubated with 5% bovine serum albumin
(BSA) in PBS for 30 min to block nonspecific antibody binding.
Then cells were incubated with the Alexa Fluor 594 phalloidin
staining solution (5 U/ml, Invitrogen Japan, Tokyo, Japan) in
PBS containing 1% BSA for 20 min and washed with PBS for
30 min. The coverslips were mounted onto the slides using
VECTASHIELD Mounting Medium with DAPI (Vector Labo-
ratories, Peterborough, England). Fluorescence images were
taken using a confocal laser-scanning microscope (Axioplan2
LSM510; Carl Zeiss, Oberkochen, Germany). Lamellipodial
extension was quantified by summing the length of the outer
margins of all lamellipodium in individual cells. Each 20 cells per
one experiment at the wound area were randomly selected. The
perimeter of 100 ng/ml bFGF-treated cells or non-treated cells
was measured by using the functions of ‘‘measurement perime-
ter’’ in Image J software (National Institute of Health, Bethesda,
MD, USA). Lamellipodial index expressed as a proportion of the
total perimeter for each cell.
Western blot analysis and immunoprecipitation
The cells cultured in the presence of 5 mg/ml of mitomycin-C
were lysed in RIPA buffer containing 1 mM Na3VO4, 1 mM
NaF and Protease Inhibitor Cocktail (Roche Diagnostics, Basel,
Switzerland), incubated for 20 min at 4uC and centrifuged at
15,000 g for 15 min at 4uC. The proteins were separated on
SDS–PAGE and electrotransferred onto Immobilon-P Transfer
Membranes (MILLIPORE JAPAN, Tokyo, Japan). The mem-
branes were incubated in TBS containing 5% skim milk and
0.05% Tween-20 for 60 min and blotted with primary antibodies
at 4uC overnight. An anti-phospho-Akt antibody (1:1000, Cell
Signaling Technology, Massachusetts, USA), anti-Akt antibody
(1:1000, Cell Signaling Technology), anti-phospho-JNK antibody
Figure 7. PI3-kinase contributed to bFGF-induced Rac1 and
JNK activation. (A)(D) The activities of Rac1 or JNK in lysates of
fibroblasts treated with or without 10 mM LY294002 were analyzed at
15 min after 100 ng/ml bFGF-stimulation in the presence of 5 mg/ml
mitomycin-C. (B) The activity of JNK in lysates of fibroblasts transfected
with 10 nM Rac1 siRNA or 10 nM nonspecific control pool siRNA was
analyzed at 15 min after 100 ng/ml bFGF-stimulation in the presence of
5 mg/ml mitomycin-C. (C) The activity of JNK without bFGF in lysates of
fibroblasts transfected with 0.15 mg/cm
2 of plasmid DNA (Rac1-61L) or
empty vector as a control was analyzed in the presence of 5 mg/ml
mitomycin-C. Data are mean 6 s.e.m. of three independent experi-
ments. *P,0.05, **P,0.01, as compared with the control group (t test).
doi:10.1371/journal.pone.0012228.g007
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Cell Signaling Technology), anti-GAPDH antibody (1:2000,
Abcam, Cambridge, USA) and anti c-Myc antibody (1:100,
Santa cruz biotechnology, California, USA) were used as primary
antibodies. The membranes were incubated for 1 h with an anti-
mouse or anti-rabbit HRP-linked secondary antibody (1:2000,
Cell Signaling Technology). Reaction products were visualized by
detection of chemiluminescence using an ECL Western blotting
Detection System (GE Healthcare, Piscataway, NJ, USA).
Quantification of relative band densities was performed by
scanning densitometry using Image J software (National Institute
of Health, Bethesda, MD, USA).
RhoA, Rac1, Cdc42 pull-down assay
Pull-down assays for Rho-GTPases were performed as de-
scribed previously [66] with minor modifications. In brief, the cells
were scraped into ice-cold lysis buffer containing 50 mM Tris-
HCl, pH 7.4, 2 mM MgCl2, 1% NP-40, 10% glycerol, 100 mM
NaCl, and Protease Inhibitor Cocktail (Roche Diagnostics, Basel,
Switzerland) and centrifuged for 5 min at 14,000 g. The cleared
lysates were incubated with 20 mg PAK-1 PBD agarose (Cyto-
skeleton, Denver, USA) or 20 mg GST-tagged Rhotekin Rho-
binding domain bound to glutathione agarose (Cytoskeleton) for
60 min at 4uC. The beads were washed three times with lysis
buffer and heated for 5 min at 100uC in reducing SDS-PAGE
sample buffer, and then analyzed for bound RhoA, Rac1, and
Cdc42 molecules by Western blotting using anti-RhoA antibody
(1:200, Santa cruz biotechnology), anti-Rac1 antibody (1:500,
Cytoskeleton), anti-Cdc42 antibody (1:200, Santa cruz biotech-
nology). One hundred ng/ml bradykinin (Merck, Darmstadt,
Germany), a Cdc42 activator, was used to show endogenously
produced Cdc42-GTP.
RNA interference experiments
siRNA duplex for the RhoA or Rac1 gene was synthesized by
Invitrogen with help of the D-LUX Designer (Invitrogen Japan,
Tokyo, Japan). The RhoA siRNA (59-AUAAACCUCUGGGAA-
CUGGUCCUUG-39) was designed to target coding the region of
rat RhoA mRNA sequence (GenBank accession no. NM_057132).
The Rac1 siRNA (59-CAGAAUAGUUGUCAAAGACGGUGG-
G-39) was designed to target coding the region of rat Rac1 mRNA
sequence (GenBank accession no. NM_134366). Primary rat
fibroblasts were transfected with RhoA or Rac1 siRNA using
Lipofectamine RNAiMAX (Invitrogen Japan) and Opti-MEM
(Invitrogen Japan) by the manufacturer’s protocol. The final
concentration of siRNA was 10 nM. Stealth RNAi Negative
Control Medium GC Duplex (Invitrogen Japan) was used as a
control. The transfected cells were used for experiments after 48 h.
Transient transfections
Myc-tagged Rac1-61L in pEF-BOS was a gift from Dr. T.
Yamashita (Department of Molecular Neuroscience, Osaka
University Graduate School of Medicine, Osaka, Japan). For
transient transfection experiments, primary rat fibroblasts
60,80% confluent were transfected with 0.15 mg/cm
2 of plasmid
DNA (Rac1-61L) or empty vector (pEF-BOS) using Lipofecta-
mine2000 (Invitrogen Japan) and Opti-MEM (Invitrogen Japan)
by the manufacturer’s protocol. The transfected cells were used for
experiments after 48 h.
Supporting information
Images of the wounded cell monolayers were recorded for 24 h
using a microscope (model IX-70; Olympus) equipped with a
CCD Camera (CoolSNAP HQ; Nippon Roper) and controlled by
MetaMorph software (Universal Imaging Co., Ltd.). All videos
show time-lapse video recordings at 1 h intervals for 24 h. Movie
S1 shows primary rat fibroblast migrating for 24 h in the absence
of bFGF as a control. Movie S2 shows primary rat fibroblast
migrating for 24 h in the presence of 100 ng/ml bFGF.
Supporting Information
Movie S1 Fibroblast migration for 24 h in the absence of bFGF.
Time-lapse image of the wounded fibroblast monolayers was
recorded for 24 h in the absence of bFGF. Fibroblasts were treated
with 5 mg/ml mitomycin-C before the experiment.
Found at: doi:10.1371/journal.pone.0012228.s001 (5.06 MB AVI)
Figure 8. Signal transduction pathway of bFGF-stimulated
fibroblast migration. Activated FGFR stimulates PI3-kinase. Activa-
tion of PI3-kinase leads to up-regulation of Rac1, followed by the
activation of JNK, resulting in formation of lamellipodial extension.
doi:10.1371/journal.pone.0012228.g008
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bFGF. Time-lapse image of the wounded fibroblast monolayers
was recorded for 24 h after 100 ng/ml bFGF-stimulation.
Fibroblasts were treated with 5 mg/ml mitomycin-C before the
experiment.
Found at: doi:10.1371/journal.pone.0012228.s002 (6.39 MB AVI)
Author Contributions
Conceived and designed the experiments: SK TK. Performed the
experiments: SK TF TK. Analyzed the data: SK TF SM KS MT SM
TK. Contributed reagents/materials/analysis tools: SK TF SM KS MT
SM MT YS KY KH TK. Wrote the paper: SK TK.
References
1. Wagner W, Wehrmann M (2007) Differential cytokine activity and morphology
during wound healing in the neonatal and adult rat skin. J Cell Mol Med 11:
1342–1351.
2. Lauffenburger DA, Horwitz AF (1996) Cell migration: a physically integrated
molecular process. Cell 84: 359–369.
3. Webb DJ, Parsons JT, Horwitz AF (2002) Adhesion assembly, disassembly and
turnover in migrating cells – over and over and over again. Nat Cell Biol 4:
E97–E100.
4. Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, et al. (2003)
Cell migration: integrating signals from front to back. Science 302: 1704–1709.
5. Smith LG, Li R (2004) Actin polymerization: riding the wave. Curr Biol 14:
R109–111.
6. Nobes CD, Hall A (1999) Rho GTPases control polarity, protrusion, and
adhesion during cell movement. J Cell Biol 144: 1235–1244.
7. Kraynov VS, Chamberlain C, Bokoch GM, Schwartz MA, Slabaugh S, et al.
(2000) Localized Rac activation dynamics visualized in living cells. Science 290:
333–337.
8. Small JV, Stradal T, Vignal E, Rottner K (2002) The lamellipodium: where
motility begins. Trends Cell Biol 12: 112–120.
9. Macara IG (2004) Parsing the polarity code. Nat Rev Mol Cell Biol 5: 220–231.
10. Etienne-Manneville S, Hall A (2002) Rho GTPases in cell biology. Nature 420:
629–635.
11. Kimura K, Ito M, Amano M, Chihara K, Fukata Y, et al. (1996) Regulation of
myosin phosphatase by Rho and Rho-associated kinase (Rho-kinase) Science
273: 245–248.
12. Amano M, Chihara K, Kimura K, Fukata Y, Nakamura N, et al. (1997)
Formation of actin stress fibers and focal adhesions enhanced by Rho-kinase.
Science 275: 1308–1311.
13. Kurokawa K, Nakamura T, Aoki K, Matsuda M (2005) Mechanism and role of
localized activation of Rho-family GTPases in growth factor-stimulated
fibroblasts and neuronal cells. Biochem Soc Trans 33: 631–634.
14. Bikfalvi A, Klein S, Pintucci G, Rifkin DB (1997) Biological roles of fibroblast
growth factor-2. Endocr Rev 18: 26–45.
15. Kouhara H, Hadari YR, Spivak-Kroizman T, Schilling J, Bar-Sagi D, et al.
(1997) A lipid-anchored Grb2-binding protein that links FGF-receptor activation
to the Ras/MAPK signaling pathway. Cell 89: 693–702.
16. Schreier T, Degen E, Baschong W (1993) Fibroblast migration and proliferation
during in vitro wound healing. A quantitative comparison between various
growth factors and a low molecular weight blood dialysate used in the clinic to
normalize impaired wound healing. Res Exp Med 193: 195–205.
17. Iyer VR, Eisen MB, Ross DT, Schuler G, Moore T, et al. (1999) The
Transcriptional Program in the Response of Human Fibroblasts to Serum.
Science 283: 83–87.
18. Ohgoda O, Sakai A, Koga H, Kanai K, Miyazaki T, et al. (1998) Fibroblast-
migration in a wound model of ascorbic acid-supplemented three-dimensional
culture system: the effects of cytokines and malotilate, a new wound healing
stimulant, on cell-migration. J Dermatol Sci 17: 123–131.
19. Kondo H, Yonezawa Y (2000) Human fetal skin fibroblast migration stimulated
by the autocrine growth factor bFGF is mediated by phospholipase A(2) via
arachidonic acid without the involvement of pertussis toxin-sensitive G-protein.
Biochem Biophys Res Commun 272: 648–652.
20. Liu G, Eskin SG, Mikos AG (2001) Integrin alpha(v)beta(3) is involved in
stimulated migration of vascular adventitial fibroblasts by basic fibroblast growth
factor but not platelet-derived growth factor. J Cell Biochem 83: 129–135.
21. Van Horssen R, Galjart N, Rens JA, Eggermont AM, ten Hagen TL (2006)
Differential effects of matrix and growth factors on endothelial and fibroblast
motility: application of a modified cell migration assay. J Cell Biochem 99:
1536–1552.
22. Schleef RR, Birdwell CR (1982) The effect of fibrin on endothelial cell migration
in vitro. Tissue Cell 14: 629–636.
23. Hall A (1998) Rho GTPases and the actin cytoskeleton. Science 279: 509–514.
24. Verma S, Shewan AM, Scott JA, Helwani FM, den Elzen NR, et al. (2004)
Arp2/3 activity is necessary for efficient formation of E-cadherin adhesive
contacts. J Biol Chem 279: 34062–34070.
25. Haugh JM, Codazzi F, Teruel M, Meyer T (2000) Spatial sensing in fibroblasts
mediated by 39 phosphoinositides. J Cell Biol 151: 1269–1280.
26. Srinivasan S, Wang F, Glavas S, Ott A, Hofmann F, et al. (2003) Rac and Cdc42
play distinct roles in regulating PI(3,4,5)P3 and polarity during neutrophil
chemotaxis. J Cell Biol 160: 375–385.
27. Sasaki AT, Chun C, Takeda K, Firtel RA (2004) Localized Ras signaling at the
leading edge regulates PI3K, cell polarity, and directional cell movement. J Cell
Biol 167: 505–518.
28. Van Haastert PJ, Devreotes PN (2004) Chemotaxis: signalling the way forward.
Nat Rev Mol Cell Biol 5: 626–634.
29. Huang C, Rajfur Z, Borchers C, Schaller MD, Jacobson K (2003) JNK
phosphorylates paxillin and regulates cell migration. Nature 424: 219–223.
30. Kavurma MM, Khachigian LM (2003) ERK, JNK, and p38 MAP kinases
differentially regulate proliferation and migration of phenotypically distinct
smooth muscle cell subtypes. J Cell Biochem 89: 289–300.
31. Xia Y, Makris C, Su B, Li E, Yang J, et al. (2000) MEK kinase 1 is critically
required for c-Jun N-terminal kinase activation by proinflammatory stimuli and
growth factor-induced cell migration. Proc Natl Acad Sci USA 97: 5243–5248.
32. Zhang L, Wang W, Hayashi Y, Jester JV, Birk DE, et al. (2003) A role for MEK
kinase 1 in TGF-beta/activin-induced epithelium movement and embryonic
eyelid closure. EMBO J 22: 4443–4454.
33. Higuchi M, Masuyama N, Fukui Y, Suzuki A, Gotoh Y (2001) Akt mediates
Rac/Cdc42-regulated cell motility in growth factor-stimulated cells and invasive
PTEN knockout cells. Curr Biol 11: 1958–1962.
34. Coso OA, Chiariello M, Yu JC, Teramoto H, Crespo P, et al. (1995) The small
GTP-binding proteins Rac1 and Cdc42 regulate the activity of the JNK/SAPK
signaling pathway. Cell 81: 1137–1146.
35. Singer AJ, Clark RA (1999) Cutaneous wound healing. N Engl J Med 341:
738–746.
36. Sato Y, Rifkin DB (1998) Autocrine activities of basic fibroblast growth factor:
regulation of endothelial cell movement, plasminogen activator synthesis, and
DNA synthesis. J Cell Biol 107: 1199–1205.
37. Tsuboi R, Sato Y, Rifkin DB (1990) Correlation of cell migration, cell invasion,
receptor number, proteinase production, and basic fibroblast growth factor levels
in endothelial cells. J Cell Biol 110: 511–517.
38. Tsuboi R, Sato C, Shi CM, Ogawa H (1992) Stimulation of keratinocyte
migration by growth factors. J Dermatol 19: 652–653.
39. Bilato C, Pauly RR, Melillo G, Monticone R, Gorelick-Feldman D, et al. (1995)
Intracellular signaling pathways required for rat vascular smooth muscle cell
migration. J Clin Invest 96: 1905–1915.
40. Wang DI, Gotlieb AI (1999) Fibroblast growth factor 2 enhances early stages of
in vitro endothelial repair by microfilament bundle reorganization and cell
elongation. Exp Mol Pathol 66: 179–190.
41. Ridley AJ (2001) Rho GTPases and cell migration. J Cell Sci 114: 2713–2722.
42. Raftopoulou M, Hall A (2004) Cell migration: Rho GTPases lead the way. Dev
Biol 265: 23–32.
43. Giancotti FG, Ruoslahti E (1999) Integrin signaling. Science 285: 1028–1032.
44. Jones PL, Crack J, Rabinovitch M (1997) Regulation of Tenascin-C, a Vascular
Smooth Muscle Cell Survival Factor that Interacts with the avb3 Integrin to
Promote Epidermal Growth Factor Receptor Phosphorylation and Growth.
J Cell Biol 139: 279–293.
45. Schneller M, Vuori K, Ruoslahti E (1997) avb3 integrin associates with activated
insulin and PDGFb receptors and potentiates the biological activity of PDGF
EMBO J 16: 5600–5607.
46. Woodard AS, Garcia-Cardena G, Leong M, Madri JA, Sessa WC, et al. (1998)
The synergistic activity of alphavbeta3 integrin and PDGF receptor increases
cell migration. J Cell Sci 111: 469–478.
47. Moro L, Venturino M, Bozzo C, Silengo L, Altruda F, et al. (1998) Integrins
induce activation of EGF receptor: role in MAP kinase induction and adhesion-
dependent cell survival. EMBO J 17: 6622–6632.
48. Soldi R, Mitola S, Strasly M, Defilippi P, Tarone G, et al. (1999) Role of
alphavbeta3 integrin in the activation of vascular endothelial growth factor
receptor-2. EMBO J 18: 882–892.
49. Friedlander M, Brooks PC, Shaffer RW, Kincaid CM, Varner JA, et al. (1995)
Definition of two angiogenic pathways by distinct av integrins. Science 270:
1500–1502.
50. Kim S, Harris M, Varner JA (2000) Regulation of integrin alpha vbeta 3-
mediated endothelial cell migration and angiogenesis by integrin alpha5beta1
and protein kinase A J Biol Chem 275: 33920–33928.
51. Miyamoto S, Teramoto H, Gutkind JS, Yamada KM (1996) Integrins can
collaborate with growth factors for phosphorylation of receptor tyrosine kinases
and MAP kinase activation: roles of integrin aggregation and occupancy of
receptors. J Cell Biol 135: 1633–1642.
52. Clark EA, King WG, Brugge JS, Symons M, Hynes RO (1998) Integrin-
mediated signals regulated by members of the rho family of GTPases. J Cell Biol
142: 573–586.
53. Shaw LM, Rabinovitz I, Wang HH, Toker A, Mercurio AM (1997) Activation
of phosphoinositide 3-OH kinase by the alpha6beta4 integrin promotes
carcinoma invasion. Cell 91: 949–960.
54. Price LS, Leng J, Schwartz MA, Bokoch GM (1998) Activation of Rac and
Cdc42 by integrins mediates cell spreading. Mol Biol Cell 9: 1863–1871.
bFGF and Fibroblast Migration
PLoS ONE | www.plosone.org 11 August 2010 | Volume 5 | Issue 8 | e1222855. Ridley A (2000) Rho GTPases. Integrating integrin signaling. J Cell Biol 150:
F107–109.
56. Alblas J, Ulfman L, Hordijk P, Koenderman L (2001) Activation of RhoA and
ROCK are essential for detachment of migrating leukocytes. Mol Biol Cell 12:
2137–2145.
57. Worthylake RA, Lemoine S, Watson JM, Burridge K (2001) RhoA is required
for monocyte tail retraction during transendothelial migration. J Cell Biol 154:
147–160.
58. Sahai E, Olson MF, Marshall CJ (2001) Cross-talk between Ras and Rho
signaling pathways in transformation favours proliferation and increased
motility. EMBO J 20: 755–766.
59. Chang Y, Ceacareanu B, Dixit M, Sreejayan N, Hassid A (2002) Nitric oxide-
induced motility in aortic smooth muscle cells: role of protein tyrosine
phosphatase SHP-2 and GTP-binding protein Rho. Circ Res 91: 390–397.
60. Chen BH, Tzen JT, Bresnick AR, Chen HC (2002) Roles of Rho-associated
kinase and myosin light chain kinase in morphological and migratory defects of
focal adhesion kinase-null cells. J Biol Chem 277: 33857–33863.
61. Yuan XB, Jin M, Xu X, Song YQ, Wu CP, et al. (2003) Signalling and crosstalk
of Rho GTPases in mediating axon guidance. Nat Cell Biol 5: 38–45.
62. Andrew N, Insall RH (2007) Chemotaxis in shallow gradients is mediated
independently of PtdIns 3-kinase by biased choices between random protrusions.
Nat Cell Biol 9: 193–200.
63. Ferguson GJ, Milne L, Kulkarni S, Sasaki T, Walker S, et al. (2007) PI(3)K
gamma has an important context-dependent role in neutrophil chemokinesis.
Nat Cell Biol 9: 86–91.
64. Hoeller O, Kay RR (2007) Chemotaxis in the absence of PI(3,4,5)P3 gradients.
Curr Biol 17: 813–817.
65. Nishio M, Watanabe K, Sasaki J, Taya C, Takasuga S, et al. (2007) Control of
cell polarity and motility by the PtdIns(3,4,5)P3 phosphatase SHIP1. Nat Cell
Biol 9: 36–44.
66. Sander EE, van Delft S, ten Klooster JP, Reid T, van der Kammen RA, et al.
(1998) Matrix-dependent Tiam1/Rac signaling in epithelial cells promotes either
cell-cell adhesion or cell migration and is regulated by phosphatidylinositol 3-
kinase. J Cell Biol 143: 1385–1398.
67. Rickert P, Weiner OD, Wang F, Bourne HR, Servant G (2000) Leukocytes
navigate by compass: roles of PI3Kg and its lipid products. Trends Cell Biol 10:
466–473.
68. Royal I, Lamarche-Vane N, Lamorte L, Kaibuchi K, Park M (2000) Activation
of cdc42, rac, PAK, and rho-kinase in response to hepatocyte growth factor
differentially regulates epithelial cell colony spreading and dissociation. Mol Biol
Cell 11: 1709–1725.
69. Minden A, Lin A, Claret F, Abo A, Karin M (1995) Selective activation of the
JNK signaling cascade and c-Jun transcriptional activity by the small GTPases
Rac and Cdc42Hs. Cell 81: 1147–1157.
bFGF and Fibroblast Migration
PLoS ONE | www.plosone.org 12 August 2010 | Volume 5 | Issue 8 | e12228